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ABSTRACT 
SOI-based nonlinear slot waveguides cladded with crystal violet are of great interest 
for ultrafast all -optical signal processing. In this work, the optical properties of slot 
waveguides filled with crystal violet were investigated experimentally and their 
nonlinear potential was studied numerically. 
This thesis covers the theoretical basics of nonlinear optics, slot waveguide 
design, deviee fabrication, a simulation study of the four-wave mixing conversion 
efficiency in slot waveguides filled with crystal violet, the challenges of using crystal 
violet in the cladding of silicon photonic deviees, a deposition process for crystal 
violet chromophores in a PMMA host on silicon slot waveguides, and experimental 
demonstrations and characterisation of the propagation lasses of slot waveguides 
filled with a polymer containing crystal violet chromophores. 
The dispersion profile, the effective mode area and the nonlinear parameters of 
slot waveguides were estimated by using a MATLAB script. The slot waveguide 
geometry and design were optimized to give an effective core area of 0.321 11m2 , 
leading to a nonlinear coefficient of 394 (Wmr1for a slot width of 140 mn for the 
fundamental TE mode. A combination of standard photolithography and etching was 
used to fabricate the waveguides with the desired dimensions . The linear 
characterization of these slot waveguides cladded with crystal violet shows that the 
lowest linear loss achieved to date is approximately 11 dB/cm. 
This study prepared the foundation for the development of a novel category of 
highly nonlinear hybrid silicon deviees tbat exploit the unique design and 
optirnization opportunities made possible by chromophores relying on multi-charge 
transfer transitions. 
Keywords: Slot-waveguides, Nonlinear chromophore, Third arder Nonlinear effect, 
Conversion efficiency 
" " RESUME 
Les guides d'onde à rainure non linéaire ayant une gaine contenant du cristal violet 
sont d'un grand intérêt pour le traitement tout-optique ultra-rapide de signaux 
lumineux. Dans ce mémoire, les propriétés optiques de guides d'onde à rainure 
remplis avec du cristal violet ont été étudiées expérimentalement et leur potentiel non 
linéaire a été étudié numériquement. 
Ce mémoire couvre les bases théoriques de l'optique non linéaire, la conception 
de guide d'ondes à rainure, leur fabrication , une étude par simulation de l'efficacité du 
mélange à quatre ondes dans des guides d 'onde à rainure remplies de cristal violet, les 
défis de l'utilisation du cristal violet dans la gaine de dispositifs photoniques en 
silicium, un procédé de dépôt pour les chromophores de cristal violet dans un hôte de 
PMMA sur des guides d'onde à rainure en silicium et des démonstrations 
expérimentales et la caractérisation des pertes de propagation des guides d'ondes à 
rainure remplis d'un polymère contenant des chromophores de cristal violet. 
La dispersion, la surface effective du mode et les paramètres non linéaires des 
guides d'ondes à rainure ont été estimés en utilisant un script de simulation 
fonctionnant avec MA TLAB. La géométrie des guides d'onde à rainure a été 
optimisée pour obtenir une surface effective de 0,321 um2, ce qui produit un 
coefficient non linéaire de 394 (Wm)-1pour une largeur de rainure de 140 nm pour 
le mode TE fondamental. Une combinaison de photolithographie et de gravure sèche 
a été utilisée pour fabriquer des guides d'onde avec les dimensions désirées. La 
caractérisation de ces guides d'onde à rainure ayant une gaine de cristal violet montre 
que la plus faible perte linéaire réalisée à ce jour avec ce type de guide d 'onde est 
d'environ 11 dB 1 cm. 
Cette étude a jeté les bases pour le développement d'une nouvelle catégorie de 
dispositifs hybrides fortement non linéaires qui exploitent les possibilités de 
conception et d'optimisation uniques des chromophores possédant plusieurs 
transitions de transfert de charge. 
Mot de clés : Guides d'onde à rainure, Chromophore non linéaire, Effet non linéaire 
du troisième ordre, Efficacité de conversion 
CHAPTERI 
THE RESEARCH PROBLEM 
Over the past few years, highly nonlinear silicon waveguides have been developed in 
order to increase the flexi bility of optical networks. They achieve this by enabling all-
optical processing, which can handle enorrnous bandwidth and can be transparent to 
modulation fonnats . Silicon nanowaveguides have been optimized to enhance 
nonlinear effects such as four-wave mixing (FWM). Furthermore, they have 
demonstrated great potential for wavelength conversion (Ophir et. al. , 2012; Xu et. 
al. , 2011). However, there are important limitations to the conversion efficiency that 
can be achieved with silicon waveguides, such as the losses caused by two-photon 
absorption at telecommunication bandwidths, or the significant input power 
(> 1 OOm W) that must be coup led into them to observe nonlinear effects . Thus, ways 
to reduce the impact of these limitations must be investigated to be able to perfonn 
all-optical signal processing by taking advantage of ultrafast xC3)_nonlinearities and 
the large optical bandwidth of silicon waveguides. 
In this chapter, the growth of the optical communication fie ld is discussed, and 
the potential of integrated silicon photonics as a solution to overcome the challenges 
posed by high data rates is presented. Finally, the objectives and the organization of 
this thesis are described. 
1.1 Optical Communication Systems 
Recently, optical communication systems have gathered a lot of attention and 
tremendous work bas been done, especially to mcrease their transmission rate. 
Moreover, the large bandwidth available in optical fibers can be used to create optical 
links with transmission rates of more than 1 Tbs-1 on a single fiber by using 
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wavelength division multiplexing and these signais can be sent across hundreds of 
kilometers . 
Furthermore, the continuation of Moore's law (Moore, 1998), which states that 
the nwnber of transistors on an electronic integrated circuit should double every two 
years, has caused an exponential increase in computing power. As a result, 
transmission systems with large bandwidth are required to transport and utilize the 
tremendous amounts of data that is produced. Accordingly, advancements in the 
fields of optics and microfabrication have enabled the development of a vast number 
of integrated optical deviees that make possible the creation of high capacity data 
links. Hence, integrated optic plays a crucial role in the optical fiber networks that 
form the backbone of the Internet (Levy, 2011 ). 
The demand for higher data rates and reduced power consumption means that 
optics hold distinct advantages over electronics (Preston, 2011). For example, in 
electrical connections the signal attenuation with distance is very high (Gambling, 
2000) but optical networks can provide significantly larger bandwidth, lower power 
consumption per bits and have practically no distance limitations. However, the cost 
of optical transceivers bas always been an issue but this could be overcome thanks to 
integrated photonic deviees that can be fabricated cheaply by taking advantages of the 
new developments and techniques in microfabrication processes (Paniccia, Krutul et. 
Koehl, 2004). Also, to build optical systems, the alignment of the optical components 
must be done accurately, which requires sophisticated packaging techniques. The 
development of advanced optical networks and the replacement of large optical sub-
systems by chip-scale deviees make the improvement of integrated photonics crucial. 
Since ultrafast nonlinear optical effects can be employed to process signais at 
frequencies exceeding the THz, all-optical signal processing has the potential to 
enable photonic deviees operating at Tbit/s line rates (Igarashi et Kikuchi , 2008 ; 
Willner et al. , 2011 ). Moreover, because telecommunication networks rely more and 
more on optical signals, an effective and low-cost technology is needed to build all-
optical signal processing components that can ensure that system speed and capacity 
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continue to increase. Thus, the increasing demand for high-speed and reconfigurable 
optical networks requires the study of optical signal processing. lntegrated photonics 
can perform all-optical data signal processing at decreased costs . For instance, FWM 
is a nonlinear effect that bas proven useful to create all-optical signal processing 
components, such as wavelength conversion deviees (Lin et. al. , 2006) that could be 
used to resolve contention problems. 
1.2 Silicon Photonics 
Various low-index-contrast material systems, such as doped silicon dioxide 
(Si02) and polymers (Foresi et. al., 1997 ; Kuwata-Gonokami et. al. , 1995 ; Little et. 
al., 2004), have been used to fabricate optical waveguides and integrated photonic 
deviees over the past decade. However, lately bigb-index-contrast material systems, 
such as silicon (Si) and III-V compounds (Masanovic et. al. , 2005; Soltani, 
Y egnanarayanan et. Adibi, 2007 ; Vlasov et. al. , 2005), have gained more attention 
because they can provide bigb optical confinement, which make possible bigh levels 
of integration and can increase optical power densities. Among higb-index-contrast 
material platforms, silicon-on-insulator (SOI) is the most used for photonic 
applications because of its cost advantages and of the advanced fabrication processes 
that are commercially available. 
Silicon pbotonics bas been a rapidly growing field of researcb because of the 
increasing accessibility of bigb-quality silicon-on-insulator (SOI) wafers (Celler and 
Cristoloveanu, 2003) wbere a layer of silicon oxide separates a layer of single-crystal 
silicon from the bulk handle wafer. Important functionalities were demonstrated on 
this platform. For example, many important components can be fabricated on a 
silicon photonic chip such as: photodetectors (Assefa, Xia and Vlasov, 201 0; Kang et. 
al., 2009), hybrid laser sources (Fang et. al. , 2006), filters (Dong et. al. , 2010; Xia et. 
al. , 2007) and modula tors (Reed et. al., 20 l 0). Thus, silicon photonics bas enabled 
the integration of numero us components on a single chi p. 
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By usmg silicon, which has a high refractive index (n~3.48) at 
telecommunication wavelength (À= 1550 nm), it is possible to obtain a strong 
confinement of the optical modes . Silicon possess a high nonlinear refractive index, 
n2, in the range of (4-9)x 10" 14 cm2W" 1 (Dinu, Quochi and Garcia , 2003 ; Fukuda et. 
al. , 2005 ; Tsang et. al. , 2002), which is three orders of magnitude larger than silica 
glass. Moreover, the tight modal confinement in SOI waveguides bas a great impact 
on the nonlinear parameter since it is inversely proportional to the effective area of 
the mode, y ex: nz!Aetf (Foster et. al., 2006) . Although silicon has been the core 
material used in the microelectronics industry due to its versatility and cast, it bas 
some important drawbacks for nonlinear optics. For example, its energy gap is 
1.12e V, and th us, at telecommunication wavelengths two-photon absorption appears 
because the bandgap is less that the energy of two photons at these wavelengths. 
Furthennore, two-photon absorption (TP A) in duces !osses that are cornpounded by 
the carriers generated, which produce free carrier absorption (FCA). In the TPA 
process (see Fig. 1.1) an electron makes a transition from the valence band to the 
conduction band of silicon by the simultaneous absorption of two laser photons, 
which increases the concentration of free charges. Therefore, the combination of TPA 
and FCA limits the efficiency of nonlinear processes at telecommunication 






ele-ctron wavenumber k 
Figure 1.1: Two-photon absorption mechanism (adapted from (Paschotta, 2008)) 
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More generally, the causes behind the challenges of using silicon in integrated 
optics are as follows: ( 1) the indirect minimum-energy bandgap, which leads to 
inefficient stimulated emission and impractical laser action; (2) the centrosymmetry 
of silicon crystal, which limits the electro-optic effects used for active deviees such as 
modulators; and (3) at telecommunication wavelengths , silicon bas a large two-
photon absorption coefficient that affects the third-order nonlinear effects (Leuthold, 
Koos et. Freude, 2010). For these reasons, it is desirable to use more efficient 
materials and combine them with a silicon structure for certain on-chip functions. 
This is the motivation behind the work presented in this thesis, which investigates the 
development of novel hybrid silicon waveguides that could enable nonlinear 
applications . 
1.3 Optical Slot Waveguides with Nonlinear 
Chromophores 
As mentioned in the previous section, despite the obvious advantages of using silicon 
to build deviees for optical telecommunication systems, it bas severe limitations for a 
few functionalities , in particular those relying on nonlinear effects. Moreover, its high 
refractive index makes it difficult to couple light efficiently to cladding materials 
because of the high confinement it provides. Nevertheless, it is possible to achieve a 
very high level of interaction with a cladding material by using a 'slot waveguide ' 
structure. One can then work with a highly nonlinear cladding material with low two-
photon absorption and benefit from a high leve! of optical confmement in the slot 
reg1on . 
The silicon slot waveguide structure was developed to generate an intense optical 
mode in the low index region of the waveguide (see Fig 1.2) . This structure is made 
of two channel waveguides with a high refractive index core ma teri al that are brought 
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in close proximity to forma narrow law index slot region in which most of the optical 




Figure 1.2: Schematic of a slot waveguide using nonlinearities in the slot (From 
(Leuthold, Koos and Freude, 201 0)) 
The slot waveguide structure functions as a result of the electric field 
discontinuity at the high-index contrast barrier between the silicon core and the 
cladding. As a result, the electric field is more intense in the slot region than in the 
silicon waveguides . Furthermore, the slot waveguides can be used for various 
functionalities, such as light emission, electro optic modulators (Baehr-Jones et. al. , 
2008), amplification, and waveguides with ultrafast nonlinearity and supressed free-
carrier effects (Koos et. al. , 2009) because of the strong electric field enhancement in 
the slot region and that this slot can be filled with a variety of law-index materials 
(Almeida et. al. , 2004; Xu et. al. , 2004). 
To fill the law-index slot region, the nonlinear optical chromophore tris(4-N,N-
dimethylaminopheny 1 )methyl ( also known as 'crystal violet') which has a high 
second-arder hyperpolarizability y and display multi-charge transfer transitions, was 
chosen for this study. It was demonstrated experimentally that the high second-arder 
hyperpolarizability, y, provided by the molecular structure of crystal violet within the 
range of wavelengths used in optical telecommunication originates from the 
conjugated and highly polarized rr-electron backbone (Bosshard et. al. , 1996 ; Greve 
et. al. , 1997). Thus , octupolar chromophores with three-fold symmetry and multi-
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charge transfer transitions, such as crysta l violet, provide higher hyperpolarizability 
and they show multiple donor-acceptor substituents due to the chromophore units, 
polymer backbone, and their molecular symmetry that helps to have a 
mu! tidirectional charge transfer. 
Silicon slot waveguides with a nonlinear cladding material have demonstrated a 
small effective mode area (Aett) and a high nonlinear parameter (y) that make them 
suitable to build wavelength converters with high conversion efficiency (Liu et. al. , 
2011 ). In FWM -based wavelength conversion, the conversion bandwidth and the 
efficiency are closely related to the phase-matching condition, which can be 
optirnized by engineering the dispersion profile of the waveguides (Gao, Li and 
Zhang, 201 0). In this work, for the first time, crystal violet, which displays periphery-
to-center charge-transfer transitions, is used as the cladding material in slot 
waveguide structures. We analyze the nonlinear parameters of slot waveguides filled 
with crystal violet as a function of their geometry, which impacts the effective mode 
area and the waveguide dispersion profile. Based on the optimized slot waveguide 
configuration, the FWM conversion efficiency has been studied numerically. 
Furthermore, the integration challenges of polymers containing crystal violet 
molecules with silicon slot waveguides were investigated experimentally. 
1.4 Thesis Objectives 
Various nonlinear polymers have been used as cladding material to fil! slot 
waveguides (Koos et. al. , 2009). However, nonlinear chromophores, such as crystal 
violet, with a molecular arrangement that enables multidirectional charge-transfer 
transitions can be optimized with a unique method demonstrated by Greve et. al. 
(1997) . Therefore, this type of chromophore could potentially be used to realize 
innovative and high performance deviees. 
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In this work, the integration of this highly nonlinear chromophore with silicon 
waveguides having a slot geometry is studied for the frrst time. The contributions 
achieved in thesis are intended to provide an initial study of the optical properties of 
slot waveguides filled with crystal violet and their nonlinear potential. SOI-based 
nonlinear slot waveguides cladded with crystal violet could be of great interest for 
ultrafast all-optical signal processing. This investigation of hybrid silicon waveguides 
cladded with crystal violet chromophores that lead to the following contributions : 
• The first simulation study of the four-wave mixing conversion efficiency in 
slot waveguides filled with crystal violet; 
• The first experimental characterisation of the propagation !osses of slot 
waveguides filled with PMMA diluted in chloroform; 
• The first deposition process for crystal violet chromophores in a PMMA host 
on silicon slot waveguides; 
• The first study on the challenges of using crystal violet in the cladding of 
silicon photonic deviees; 
• The first experimental demonstration and characterisation of the propagation 
!osses of slot waveguides filled with a polymer containing crystal violet 
chromophores. 
The goal of this work is to lay the foundation for the development of a novel category 
of highly nonlinear hybrid silicon deviees that exploit the unique design and 
optimization opportunities made possible by chromophores relying on multi-charge 
transfer transitions . 
This thesis could not have been completed without collaboration of Dr. 
Mohammed Rahim for design of the slot waveguides, CMC Microsystems and IMEC 
for fabrication of the samples, Danny Chhin for preparation of the crystal violet 
solutions and the training offered by Dr. Hadi Rabbani for the characterisation. My 
main tasks during this project were to perform the simulations, develop the deposition 
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rec1pe to make possible the integration of the chromophores on the silicon 
waveguides, and to carry out the experimentalloss measurements. 
1.5 Thesis Outline 
This thesis is organized in the following manner. Chapter 2 gives a brief theoretical 
background on nonlinear optical waveguides. The fundamental electromagnetic 
theory is described to understand the nonlinear phenomena in integrated optical 
waveguides and Maxwell ' s equations with nonlinear polarization are reviewed. 
Nonlinear optical parameters are then presented and the coupled mode theory of 
FWM is explained with coupled differentiai equations. The structure of optical slot 
waveguides is shown and finally molecules with multidirectional charge-transfer 
transitions , which are used as the interaction material filling in the slot waveguides, 
are introduced. Chapter 3 describes specifically the nonlinear material used for filling 
the slot waveguides, the deviee structure and design, and the fabrication processes 
that were used for this work. Chapter 4 discusses the theoretical and simulation 
studies on slot waveguides with crystal violet such as their mode profile, effective 
mode area, nonlinear parameter, dispersion profile, and FWM conversion efficiency. 
Finally, chapter 5 presents the experimental results of the propagation and insertion 




To describe nonlinear optical phenomena in integrated optical waveguides, a 
fundamental introduction to basic electromagnetic theory is necessary. The 
formalisms presented here are based on basic knowledge of electromagnetics and 
nonlinear optical phenomena, which various books discuss in details (Agrawal, 20 13; 
Boyd, 2008 ; Shen, 1984). The Maxwell ' s equations are presented and we show that 
the polarization field, which is related to the strength of the electric field , has higher 
order terms that leads to nonlinearities such as the four-wave mixing (FWM) process. 
Following this, we describe the optical susceptibility when multiple fields are 
presented. The parameters influencing nonlinear effects are discussed and the coupled 
mode theory of FWM is presented. Light confmement in slot waveguides is 
explained. Lastly, optical chromophores with multidirectional charge transfer 
transitions are discussed. 
2.1 Nonlinear Optics in Waveguides 
2.1 .1 Maxwell 's Equations and Nonlinear Polarization 
Maxwell ' s equations can be used to explain the propagation of optical fields in 
waveguides.If we consider the macroscopic case where no free carriers and currents 
are present, then Maxwell ' s equations take the following fonn (Diament, 1990): 
as 
V'XE=- -8t ' 
ao 








where E is the electric field vector, H is the magnetic field vector, D is the electric 
flux density and B is the magnetic flux density which is related to the magnetic field 
Hby 
B = J.loH + M, (2.5) 
where J.lo = 1.25664 x 10-6 Vs /(Am) is the magnetic permeability of vacuum, and 
M is the induced magnetic polarization. A three-dimensional space is considered and 
the vector r=(x, y, x) is a point in this space. 
For a medium where there are no free charges, the current density, J, and the 
charge density, Pt· are 0; furthermore for optical waveguides in a nonmagnetic 
mediumM=O. 
The relation between the electric field E and the electric displacement D is : 
D = E0E + P, (2 .6) 
where Eo = 8.85419 x 10-6 As /(V rn) is the electric permittivity of vacuum, and P 
is the induced electric polarization. 
The polarization can be expressed as a power senes of the electric field 
amplitude for nonlinear optics (Boyd, 2008) 
P(r, t) = Eo (X(l)E(r, t) + X(z) E(r, t) 2 + X(3)E(r, t) 3 
+ ... ] (2.7) 
where xW is the ith order susceptibility. The dominant contribution to P is shown 
by x (l ) . The second order susceptibility, x (z) , in isotropie medium is zero. Thus 
x(3) becomes the lowest nonlinear term of the polarization which is the third-order 
susceptibility (Boyd, 2008 ; Shen, 1984 ). 
In nonlinear optics if we consider only the third-order nonlinear effects 
controlled by xC3) (Boyd, 2008), the polarization can be expressed in two parts as 
P(r, t) = p (Lin)(r, t) + p (nl) (r, t), (2 .8) 
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where p (lin) and p (nl)are the linear and nonlinear parts that are related to the electric 
field by the following equations (Boyd, 2003 , 2008 ; Shen, 1984) 
p (lin)(r, t) = Eo L:co x (l)(t- t'). E(r, t') dt', 
p (nl) (r, t) = Eo f_tco dt1 f_tco dtz f_tco dt3 
x x(3)(t- tl, t- tz, t- t3) 
: E(r, t1)E(r, t 2)E(r, t3). 
(2 .9) 
(2.10) 
Eq. (2. 1 0) provides a good understanding of the general form of the origin of third-
order nonlinear effects. In addition p (nl ) , the nonlinear polarization, in Eq. (2 .8) is 
much weaker than the linear polarization, therefore p (nl ) cao be considered as a 
small perturbation to the induced polarization. 
2.1.2 Optical Waveguides and Propagating Modes 
The design of integrated optical circuits requires the creation of optical waveguides. 
Thus, to put into context the work explained later in this thesis, an introduction to 
waveguide modes is presented. First, an ideal simple one dimensional optical 
waveguide (i.e. a slab waveguide) (see fig 2.1) is described to provide a basic 
understanding of how optical waveguides function and then the waveguide modes are 
derived using Maxwell 's equations. 
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Figure 2.1: Basis structure of a slab waveguide (From (Okamoto, 2010)) 
An optical waveguide has a core, a cladding and a substrate and it is uniform in at 
least one direction and able to direct light along an axis (see Fig. 2.1 ). The refractive 
index of the cladding n 0 must be lower than that of the core n 1 . The principle 
confining the light bearn into the waveguide structure can be understood as total 
internai reflection (TIR), which can be derived using Snell 's law. 
Figure 2.2: The refractive indices of a strip waveguide. (From (Okamoto, 2010) 
For TIR, the following condition must be satisfied at the core-cladding interface 
(Okamoto, 2010) : 
n1 sin(rr/ 2 - ~) 2: n0, (2.11) 
The relation between the incident angle(} and~ can be shown as : 
sin 8 = n1 sin(~) :=:; jn1 2 - n0 2, (2.12) 
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Hence, the critical condition fo r TIR is 
() - . -1 1 2 2 - () 
- sm -\)nl - no = max• (2 .13) 
A plane wave propagating along the z-direction bas phase fronts perpendicular to the 
light rays. The wavenumber and wavelength of light in the core are kn1 and Àjn1 , 
respectively, where k = 2rr /À and À is the wavelength of light in vacuum. The 
propagation constants along y and x are given by (Okamoto, 201 0): 
f3 = kn1 cos<!> 
K = kn1 sin<!> 
(2.14) 
In arder ta obtain a guided mode, the condition for constructive interference must be 
satisfied and is given by the relation: 
(2.15) 
where m is integer. Equation (2.15) shows that the propagation angle of the light ray 
is discrete and is determined by the waveguide structure (core radius a, refractive 
index n1 , refractive index difference 1:1 ). The optical field distribution that satisfies 
the phase-matching condition of Eq. (2 .15) is called the mode. 
2.1.3 Ideal Waveguide Mode Analysis 
In integrated photonic circuits the waveguides usually support only a single mode 
(Radamson et Thylen, 2014). Hence modal analysis is an important aspect in the 
design process since it provides infonnation on the modes that propagate, their shapes 
and their propagation constants (Scarmozzino et. al. , 2000). ln this section, the 
propagation characteristics of an ideal slab waveguide (see Fig. 2.1 ), which were 
explained based on simple ray tracing in section 2.1.2, are derived rigorously using 
wave analysis. 
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Maxwell ' s Eq. (2 .1) and (2.2) in the frequency domain become two coupled 
differentiai equations for electric and magnetic fields: 
_ aH 




"ï/ x H- E0n at' 
(2.16) 
(2.17) 
If we consider a uniform refractive index profile in the z-direction, we will have 
solutions in the following forms : 
H = H(x, y)ei(wt-{Jz), 
E = E(x, y)ei(w t-{Jz), 
(2. 18) 
(2.19) 
The propagation constant, f3 , is a function of the angular frequency w, a positive 
(negative) value of f3 ( w) shows a propagation of the phase fronts in the positive 
(negative) z-direction. 
For each electromagnetic field components if we replace Eq. (2 .16) and (2.17) 
witb Eq. (2 .16) and (2.17), we have: 
aEz . . 
ay + tfJEy = -tWfloHx 
aEz . . 
- ax - tfJEx = -tWfloHy (2.20) 
aEy aEx . 
--- = -tWfloHz 
ax ay 
aHz . - . 2 
ay + t/3Hy - tWEon Ex 
-a Hz . - . 2 
ax - tf3Hx - tWEon Ey (2.21) 
aHy a _ . 2 
ax - ay - tWEon Ez. 
In a slab waveguide, as shown in Fig. 2.1 , E and H do not depend on the y-axis. 
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2.1.4 Modes in 3-0 Waveguides 
The electromagnetic field in strip waveguides (see Fig. 2.3) is concentrated in the 
core area and decays in the cladding region. The guided modes then split up into two 
different polarization subsets : a dominant Ex-component called (quasi-)TE- modes 
and a dominant Ey-component called (quasi-) TM-polarized modes. 
Two independent set of electromagnetic modes exist in strip waveguides, the 
transverse electric (TE) and transverse magnetic (TM) modes, which are the 
electromagnetic field distributions when the electric (for TE modes) or the magnetic 
(for TM modes) field is situated in the plane and are perpendicular to the z-axis 
(Okamoto, 2010). Moreover, a finite number of guided modes and a continuous 
spectrum of radiation modes exist for a given waveguide at a fiXed frequency w and 




Figure 11.3: Schematic of a slot waveguide using nonlinearities in the slot (From 
(Leuthold, Koos and Freude, 201 0)) 
The wave equation for TE mode is represented by (Okamoto, 2010): 
d2 E 







z - Wflo dx ' (2.24) 
Hy = Ez = Ex = O. (2.25) 
For TM mode, the wave equation is represented as: 
!!__ (2_ dHy ) + (k 2 - {3 2 ) H = 0 
dx n 2 dx n 2 Y (2.26) 
where 
{3 




Hz = - wE0n 2 dx ' 
(2.28) 
Hz = Hx = Ey = O. (2.29) 
There are several methods to calculate the mode profile of strip (also called channel) 
waveguides. The optical modes can be approximated with the effective index method 
or found more accurately with numerical methods. 
Two popular numerical methods include: solving the two Maxwell curl equations 
in the frequency domain using Finite Difference in the Frequency Domain (FDTD) 
(Fallahkhair, Li et. Murphy, 2008); and another one is called the finite-difference 
Bearn Propagation Method and it salves the scalar Helmholtz equations (Scarmozzino 
et. al., 2000). 
2.1.5 Bearn Propagation Method (BPM) Technique 
In this section the fundamental concept behind the Bearn Propagation Method or 
BPM (Feit and. Fleck Jr, 1978 ; Scarmozzino et. al. , 2000) is described to fmd the 
optical modes of waveguides. BPM is a propagation teclmique for modeling ligbt 
propagation in integrated and fiber optic photonic deviees. It approximates the wave 
equation and salves the resulting equations numerically by using finite difference 
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methods as expressed in (Scannozzino et. al. , 2000 ; Scarmozzino and Osgood Jr, 
1991 ). 
To solve the propagation problem, we need some basic k:nowledge about the 
refractive index distribution, n(x, y, z) and the input wave field u(x, y, z = 0) . The 
algorithm requires additional numerical parameters including: 
- A finite computational domain for x, y and z in the ranges (xmin' Xmax) , 
(Y min, Ymax) and (zmin' Zmax) , respectively; 
- The longitudinal step size, !J.z ; 
- The transverse grid sizes, !J.x and !J.y. 
By considering the scalar field , thus neglecting polarization effects, we can write the 
Helmholtz equation for monochromatic waves as : 
az(/J az(/J az(/J 
axz + ayz + az2 + k(x, y, z)20 = 0 (2.30) 
where the scalar electric field isE = ~(x, y, z)e-iwt and the spatially dependent 
wavenumber k(x,y,z) = k0n(x,y,z) with k0 = 2rrjÀ being the wavenumber in free 
space. 
In common guided-wave problems, there is a rapid phase variation m the 
direction of propagation, which follows the guiding axis. This quick change in the 
field ~ can often be ignored since it occurs on a time scale much shorter than the 
changes due to modification in the deviee geometry. By introducing a slowly varying 
field u , we can remove the rapid variation and simplify the problem: 
~(x, y, z) = ue ik:z (2.31) 
where k is the reference wavenumber that represents the average phase variation of 
the field ~ - If we substitute Eq. (2 .31) into Eq. (2 .30), we will have the following 
equation for the slowly varying field (Scarmozzino et. al., 2000): 
a2u .-au a2u a2u 2 -z -
az2 + 2Ik az + axz + ayz + (k - k )u - Ü (2.32) 
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If we assume that the variation of u in the z-direction is slow, the frrst term in Eq. 
(2 .32) can be neglected with respect to the second. The following equation is the 
basic BPM equation in three dimensions: 
au i (à 2u à2u 2 -z ) 
àz = 2k àx2 + ày 2 + (k - k )u (2 .33) 
2.1.6 Third-order Nonlinear Interaction 
In SOI based waveguides , the third-order nonlinear interaction can be realized by 
two methods. The first way is the Self-phase modulation (SPM)/Cross-phase 
modulation (XPM) caused by TPA and by the nonlinear interaction with the silicon 
waveguide core (Dulkeith et. al. , 2006; Tsang et. al. , 2002; Yamada et. al. , 2005). 
Otherwise, the silicon core can be imbedded in a nonlinear cladding material and, as a 
result, an interaction with the transient section of the guided mode can be realized. 
The intensity of third-order nonlinear interactions is represented by the nonlinear 
parameter. 
In silicon the third-order nonlinearity can be represented by an electric field E 
that bas three frequency components (wn) : 
3 3 
E(r,t) = I En =~I(Ewnn(r,wn)e-iwnt +c.e.), (2 .34) 
n=l n=l 
If we substitute Eq. (2 .34) into Eq. (2 . 7) and develop the frequency components 
of xC3) , we have new tenns for the third-order polarization, p C3) , at new frequencies : 
p C3) = ~EoX (3 ) [1Ew1 12El+:.] 
PM 
PM 
--------- --- ----- -----
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+ ~ EoX(3) H (E~l Ewz ei(2wl +wz)t + c. c. )+:.] 







where c.e. means the complex conjugate and the symbol :. denotes the possible 
permutations of frequencies. PM, HG and WG are phase modulation, harmonie 
generation and wave mixing, respectively. The nonlinear optical excitations are 
mentioned in Eq. (2 .35) and between all these nonlinear processes only those which 
satisfies energy and momentum conservation (i .e. phase-matching) have efficient 
excitation (Boyd, 2008). 
2.2 Nonlinear Parameters 
In nonlinear optics, third-order materials have a profound impact and we can 
represent the properties of an optical media with a refractive index that depends on 
the intensity of the optical wave (I): 
n = n 0 + n 2 /, (2.36) 
where n0 is the refractive index of the material and n 2 represents the second-arder 
nonlinear refractive index that gives the ratio of the variation of the refractive index 
to the optical intensity (Boyd, 2008). This parameter is related to the third-order 
nonlinear susceptibility, xC3) by (Boyd, 2008): 
3 
n = x(3) 
2 4 2 1 n0 E0c 
(2 .37) 
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which can be written in Gaussian units as 
nz - = --107 x(3)(esu) = x(3)(esu) ( cm
2 ) 12rr2 0.0395 
W ~c ~ (2.38) 
In general, in optical waveguides the core and the cover material have a third-order 
nonlinear susceptibility that can be considered to be nonzero and constant inside the 
interaction domain and that is zero outside of the nonlinear interaction domain. The 
interaction domain is defined as the region where the nonlinear materials and the 
optical field overlap. 
Nonlinear effects are related to the intensity of the electromagnetic field in the 
medium. Moreover, the optical power can be obtained by integrating the intensity 
distribution over the optical waveguide cross section. If we consider a uniforrn 
distribution of intensity, 1, over an effective area, Aetf in a waveguide with a 
nonlinear interaction region, Dinter , we can express the intensity distribution from the 




However, the field of an optical waveguide that bas been covered by a nonlinear 
material is unevenly distributed over the waveguide and within the core (Agrawal, 
2013b ; Koos, 2007) . 
Thus, the two important quantities that can be used to study the nonlinear 
characteristics of a structure are the nonlinear Kerr parameter, n 2 ( m2 /W) , and the 
nonlinear waveguide parameter, rcw-l / m), which are defined as : 
- 3Zo (3) 
nz- 4 zX ' no 
(2 .40) 
y = 3WEol~ X(3) = 2rr ~ 
4Aerrn6 À Aerr' (2.41) 
where Z0 is the impedance of free space and can be calculated with: 
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(2.42) 
and the effective area, Aetf is expressed by: 
Z51JJ Re{E(x,y) x H*(x,y). ezdX dy} l2 
Aerr = n6 ffiE(x,y)l 4 dx dy (2.43) 
The nonlinear waveguide parameter, y, is maximised for strongly confmed modes 
(i.e. smallest nonlinear effective area, Aeff' and a large the nonlinear Kerr parameter 
(Foster, Mollet. Gaeta, 2004 ; Koos et. al. , 2007). 
2.3 Couple-Mode Theory of Four-Wave Mixing 
2.3.1 Origin of Four Wave Mixing 
Four-wave Mixing (FWM) is an optical process that originates from the third-order 
nonlinear susceptibility xC3) . The FWM process is the nonlinear response of electrons 
from bound state to an electromagnetic field (Boyd, 2008) and its instantaneous 
nature makes its adequate for ultra-fast all-optical signal processing. 
This parametric process involves four optical waves, three optical signais at 
different frequencies (w1, w2 , w3 ) and a fourth at a new frequency (w4 ). It obeys the 
law of conservation of energy and momentum, and it only becomes critical if the 
phase mismatch between the different signais is very small. When it occurs, energy 
passes from the pump and signais to the new frequency (idler), and thus, FWM can 
be used to perform wavelength conversion. The law of conservation of energy is 
expressed as (Agrawal , 2013a) 
(2.44) 
The phase-matching condition for FWM is !::. k = 0 and can be written as 
!J.k = (neff,3w3 + neff,4w4- neff,lwl- neft,zWz), 




To initiate FWM, two pump beams should be launched at two frequencies w1 
and w2 . In the the non-degenerate case, these two frequencies are not equal, w1 * w2 , 
but in the degenerate FWM case (DFWM) that occurs when a single pump bearn is 
present, the frequencies are equal, w1 = w2 and one must launch a strong purnp beam 
and a small signal into the waveguide to avoid the depletion of the pump. The 
waveguide medium interacts with the two beams and as a result it amplifies the signal 
and creates an idler beam. 
Degenerate FWM creates an idler wave at a frequency wi = 2wp- w5 , in 
which wP , w5 and wi are the carrier frequencies of the pump, signal and idler wave, 
respectively. 
The corresponding mode fields for three frequencies , which are usually very similar, 
can be expressed as : 
E(x,y) = E(x,y,wp) ~ E(x,y,w5 ) ~ E(x,y,wc), 
H(x,y) = H(x,y,wp)::::: H(x,y,w5 ) ~ H(x,y,wc), 
2.3.2 Coupled-Mode Theory 
(2.47) 
(2.48) 
As mentioned before, the FWM process originates from the nonlinear polarization 
caused in the material , and since in this case we have multiple fields interacting, the 
polarization of each individual field can be written in the form: 
(2.49) 
where {371 is the propagation constant in the z-direction. From here, the coupled 
amplitude equations can be solved in the genera l fonn (Boyd, 2008): 
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dEn _ J2wn (nl) 
----P dz ne n (2 .50) 
where En is the field amplitude at frequency Wn and it is related to the intensity by 
ln= ncE0 1Enl 2 /2. 
In the case of DFWM, the coup led differentiai equations for a strong pump and low 
power signal can be written as (Agrawal , 2013b; Hansryd et. al. , 2002 ; Lau et. al., 
2011 ; Sharping et. al. , 2001) : 
dEP _ 1 [ P ] . l 
1
2 dz - -2 alin + f3TPA/p EP + ty Ep Ep, 
dEs 1 s . 2 
- = --2 [aun + 2f3TPA1p]Es + 2ty1Epl Es dz 
+ yEP 2Ei exp(ib.kz), 
dE1 1 [ 1 ] . l 
1
2 dz = -2 alin + 2f3TPA/p Es+ 2ty Ep Es 




where f3TPA is the TP A at the pump wavelength, afïn , afin and afin are the linear 
propagation loss coefficients of the pump, signal and idler, respectively; b.k = 
2yiEpl
2
- (2kp- ks- k1) is the phase mismatch which should be very small for 
DFWM; kp , ks and k1 are the wavenumbers of the pump, signal and idler, 
respectively; y = 2rrn2 /ÀpA eff is the effective nonlinearity; n 2 is the nonlinear 
index coefficient; Àp is the pump wavelength; and Aetf is the effective area of the 
propagating mode. 
2.3.2.1 Wavelength Conversion 
p OUt 
The conversiOn efficiency, rJ , is defined as rJ = f dler and can be evaluated by 
P:l1nal 
comparing the power of the signal at the input, P1~nal> to the power of the idler at 
the output of the waveguide. By solving the coup led amplitude equations presented in 
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section 2.3.2, and assuming efficient phase-matching, the conversion efficiency for 
DFWM can be written as (Agrawal, 2013b): 
1JDFWM =(Re {y}PpumpL) 2 (2.54) 
where Ppump is the pump power; L is the interaction length; and y is the nonlinear 
parameter (Agrawal , 2013b ; Hansryd el. al. , 2002 ; Stolen and Bjorkholm, 1982). 
Recently, FWM based wavelength conversion experiments were done with SOI 
waveguides (Foster et. al. , 2006 ; Kuo el. al. , 2006) but the low conversion efficiency 
~ -13 dB is a common problem in ali cases. 
2.3.2.2 Chromatic Dispersion 
Dispersion occurs when the phase velocity of a wave depends on its frequency and , 
more specifically, chromatic dispersion is the sum of material dispersion and 
waveguide dispersion. In other words, chromatic dispersion is the interaction of an 
electromagnetic wave with the bound electrons of a dielectric that depends on the 
frequency. 
Wh en a wave goes through a dielectric medium with a refractive index of n, the 
light slows to a speed of c/n where c is the velocity of light in vacuum. The phase 
velocity of a wave, Vp = w / k , is the velocity with which the phase of a wave 
propagates in a dielectric medium. However, when light is confined and propagates in 
a waveguide, the general defmition can be rewritten as: 
w c 
Vp= - =--
{3 neff (2.55) 
where neff is the effective index of the guided mode, defined as neff = :
0
• The 
group velocity can be defined as the velocity at whicb energy and infonnation 
propagate along the wave and can be expressed as : 
d{J 
Vg = dw' (2 .56) 
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1 1 ( dnett) ng fl1 = - =- ne11 Cw) + w-- =-Vg c dw c 
where ng is the group index Eq. (2.57) can be expressed in terms of À as: 
dneff 
ng(À) = ne11 (À) - À~, 
(2 .57) 
(2.58) 
When an optical pulse travels through a waveguide, the group velocity dispersion 
(GVD) causes pulse broadening and the parameter {32 , which characterises the GVD, 
can be defined as: 
d2{3 1 dneff d2neff 
{32 = -d 2 = - (2 - d- + w d 2 ) 
(JJ c (JJ (JJ 
(2 .59) 
The dispersion parameter, D, with respect to wavelength is represented as 
df31 2rrc À d2neff 
D = dÀ = -7 {32 = - c dÀ 2 (2 .60) 
These parameters are critical in nonlinear processes because they define the phase-
matching condition in optical waveguides at non-degenerate frequencies . 
2.4 Nonlinear Optical Slot Waveguides 
A recent breakthrough in integrated optics is the demonstration of the slot waveguide 
structure, whicb bas two strip waveguides with a high refractive index core material 
brought close together to form a narrow slot of low index material. Maxwell ' s 
equations for high-index-contrast interfaces express that the electric field (E) 
component of the quasi-TE mode must experience a large discontinuity where the 
amplitude is much higher in the low-index side. The 'slot waveguide ' structure 
confines the light in the region with the lower refractive index (Almeida et. al. , 2004). 
This is the opposite of what happens in standard waveguides where the light is 
confined in the high index core. 
To put it differently, because of the high-index contrast at the two interfaces of 
the slot and the large electric field discontinuity associated with these interfaces, a 
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mode with a strong field intensity is created inside the slot. In the center of the slot 
there is a strong light confinement since the transient end of the strip waveguide 
modes overlap. Figure 2.4 shows the relative magnitude of the electric field along the 
x-direction across a slot waveguide. The waveguide is made of silicon and the slot 
and the cladding is air and the light propagates in the z-direction. Thus, the slot 
waveguide enhances the field intensity, which is stronger in the slot than in the core 
of a similar strip waveguide (Lipson, 2005). 
Le_ x 
Figure 11.4: Schematic of a slot waveguide. The TE-mode (shown in orange) is confined 
in the low-index slot region [From (Anderson, Schmidt and Lipson, 2006)] 
The advantage of slot waveguides is their capacity to confine and guide light in a 
low-index material, which can be chosen to enable various applications, such as light 
modulation and detection (Baehr-Jones et. al. , 2005), light emission (Barri os et. 
Lipson, 2005), optical trapping (Yang et. al. , 2009) and gas detection (Robinson, 
Chen et. Lipson, 2008). 
There are three waveguide structures that are common to implement nonlinear 
deviees. The first structure is a strip waveguide where the cladding is a nonlinear 
material ; the second is a strip waveguide where the core is the nonlinear material ; and 





Figure 11.5: Cross-section of waveguides a) Strip waveguide (core and cover 
nonlinearity) b) slot waveguide (cover nonlinearity) [From (Leuthold et. al., 2009)] 
Therefore, nonlinear interactions can take place either where the evanescent part of 
the guided light overlaps with a nonlinear cladding material or inside the waveguide 
core. 
Slot waveguides have an advantage over other waveguide structures due to the 
fa ct that they intensify the fundamental quasi-TE mode inside the slot. Thus, wh en a 
nonlinear material is present in the slot the nonlinear effects become significant 
because of the high electric field density in that region. Furthermore, the 
nonlinearities of the silicon core are no longer dominant since most of the electric 
field is confined in the slot. 
The nonlinear parameters extracted from experimental measurements performed 
using TE polarized light at different wavelengths for various organic and inorganic 
cladding materials are summarized in Table 2.1 and 2.2. In this table the nonlinear 
parameter y (Koos et. al. , 2007) is defrned as in Eq. 2.41 in which the real part of y 
depends on the waveguide geometry as weil as the nonlinear coefficient, n2 , of the 
interaction material. The linear refractive index, n0 , nonlinear refractive index, n2 , 
and nonlinear parameter, y , are taken from the references cited in the tables. 
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Table 11-1: Cladding nonlinearity for inorganic materials (adapted from (Koos et. al., 
2007)) 
Re {y} 
Inorganic (Wm)-1 À(nm) nz (m2 /W) Reference no 
Materials 
TEslot 
Silicon (Channel (V allaitis, 
100 1550 3.48 6x 10-18 
waveguide) 2014) 
(Agrawal, 




Schott SF59 17 1060 1.91 6.8X 10-19 
(Friberg et 
Smith, 1987) 
Schott SF57 100 1550 1.8 1.7X 10-17 
(Vallaitis et. 
al. , 2009) 
Chalcogenide 
glass 
As24S3sSe3s 1600 2.45 l.Ox 10-17 
(Cardinal et. 
120 
al. , 1999) 
As39Se61 105 1500 2.81 1.6x 1 o-" (Harbold et. 
As4oSe60 151 1500 2.81 2.3x10-1 ' al. , 2002) 
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Table 11-2: Cladding nonlinearity for organic materials (adapted from (Koos et. al., 
2007)) 
Re {y} 




PDA 186 1319 ~1.5 4.8X 10"18 
al. , 1991 ; 
T ownsend el. 
al. , 1988) 
(Gubler et. 
PTA 78 1907 1.5 2X 10"18 Bosshard, 
2002) 
TEE 58 1907 1.5 1.sx w-~ ~ (Gubler, 2000) 
(Asobe el. al. , 
PSTF66 109 1550 1.5 2.sx w-18 1995 ; Kaino, 
2000) 
DANS 293 1319 1.57 8x 10"18 
(Kim el . al., 
1993) 
(Bhowmik et. 
PTS (PDA) 2.2xto-16 
Thakur, 200 l ; 
6950 1600 ~1.7 
Lawrence el. 
al. , 1994) 
In the first group of cladding materials presented, there are various glasses such as 
lead silicate glasses and chalcogenide glasses that have high linear and nonlinear 
refractive indices. Thus, the field enhancement in the slot decreases as a result of tbeir 
high linear index (see Eq. 2.41). Accordingly, the effective area Aeff increases and 
the nonlinear paran1eter decreases. In Table 2.2, orgamc materials witb a high 
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nonlinearity due to chromophore units or to the polymer backbone were used as the 
cladding material. 
The conjugated polymer poly(diactelyne-bis-tolune-sulfonide) (PTS) has by far 
the largest third-order nonlinearity (Bhowmik et. Thakur, 2001 ; Lawrence et. al. , 
1994). However, this material is challenging to synthesize as a single-crystal film 
because the PTS molecules must be aligned to maxirnize nonlinear effects (Thakur et. 
Krol , 1990). Hence, PTS is not a suitable polymer to be used as a cladding material 
because it needs to be prepared as a single crystal monomer, and then polymerized. 
Therefore, it is preferable to use other materials that can be deposited simply by spin-
coating (Luther-Davies et. Samoc, 1997). 
2.5 Multidirectional Charge-Transfer Transitions 
Molecules 
In this section, the interaction of a single molecule with an electromagnetic field is 
reviewed. The first order hyperpolarizability f3ijk and the second order 
hyperpolarizability Yijk of a molecule defined as x are described in terms of the 
electronic excited states (energy levels) and this energy can be expressed as Ex -
E9 = Exg above the ground state (E9 ) (Kuzyk, Singer et. Stegeman, 2013). 
In the following sections, the electronic and solid-state structures of organic 
compounds are described to provide a good understanding of nonlinear optical 
properties in integrated optics technology (Williams, 1984). Organic molecules and 
polymerie compounds have generated great interest in this field because of their 
strongly delocalized rr electronic systems which in sorne materials shows large 
nonlinear coefficients (Shettigar et. al. , 2007). Hence, the electronic origins of 
nonlinear optical effects for organjc rr electrons with conjugated double bond systems 
are discussed. 
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2.5.1 Molecular Hyperpolarizability 
Molecules with conjugated rr electronic systems and charge asymmetry bave large 
values of molecular hyperpolarizability. These large values are obtained when the 
molecule has substituents that bring low-lying charge-transfer resonance states 
(Gregory, 2012). 
The polarization P created in a molecule by a local electric field E can be 
calculated from : 
P = aE + ~E + yE + · · · (2.61 ) 
where a , ~ and y are linear polarization, first order hyperpolarizability and second 
order hyperpolarizability, respectively. We can rewrite the Eq. (2.35) in a 
macroscopic polarization formas: 
P = x Cl)E + x cz) E + x C3) E + ... (2.62) 
where x Cl) , x CZ) and x C3) are the first- , second-, and third-order nonlinear optical 
susceptibilities. The second-order nonlinearity, x CZ), is zero in centrosymmetric 
media. 
The relation between the microscopie and macroscopic nonlinearities can be 
derived through local field factors (Kajzar et. al., 1987), as in the following 
equations: 
XCl) ( -w ; w) = Nafwfw 
x (Z) (-2w ; W, (ù) = N f3 fzwfwfw 




where N is the number of molecules per volume unit and fw is the Lorentz local field 
factor at frequency w , which determines the value ofthe electric field at the site of the 
molecule (Flytzanis, 1975). For isotropie media the fw is given by 
f = (n2 + 2)/3 (2.66) 
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where n is the refractive index of the mediwn. 
The relation between xC3) and y fo r nonlinear optic processes can be written as 
(Zhao, Singh et. Prasad, 1988): 
x C3) 
y= Nf4 (2 .67) 
Thus, one can predict the third-order nonlinear optical susceptibility from calculated 
second hyperpolarizabilty values. 
2.5.2 Third-Order Nonlinear Chromophores 
Nonlinear optical chromophores are conjugated rr-systems with donor and acceptor 
components as tenninal substituents that resu lts in higb values of hyperpolarizability. 
The efficiency of these molecules such as p-nitroani line is limited by the 
unidirectional dipole moment (see Fig. 2.6). This issue can be avoided by using non-
dipolar two-dimensional ( octupolar) nonlinear optical chromophores. 
Figure 11.6: Molecular structure of p-nitroaniline with unidirectional charge transfer 
(("4-Nitroaniline ", n.d.)) 
The nonlinearity in systems with high values of second-order hyperpolarizability y 
originates from the conjugated and highly polarized rr-electron backbone. It bas been 
found that in donor-acceptor-substituted tetraethynylethenes there are two-
dimensional conjugation and donor-acceptor conjugation paths tbat provide 
information into routes leading to third-order nonlinear optics (Bosshard et. al., 1996 
; Greve et. al., 1997). 
CHAPTER Ill 
MATERIALS AND FABRICATION 
Highly nonlinear integrated waveguides can be realized by employing an appropriate 
interaction material. Studies bave sbown tbat molecules with multidirectional charge 
transfer transitions show larger byperpolarizabilities than molecules witb 
unidirectional charge trans fer transitions (Zyss et. al. , 1991 ; Zyss et. al., 1993). Tbus, 
chromopbores with three-fold symrnetry sucb as crystal violet tbat bave multiple 
donor-acceptor substituents can achieve high byperpolarizabilities. 
In this chapter, we will discuss the nonlinear rnaterial used for filling the slot 
waveguides, the deviee design, the fabrication process and finally the spin coating 
process used for the deposition of crystal violet on the slot waveguides. 
3.1 Materials 
3.1.1 PMMA 
Poly(methyl methacrylate) (PMMA) is an important material tbat is often used to 
form membranes in optical applications and in electron bearn litbography (Park and. 
Lakes, 2007). It is a single-copolyrner from the farnily of polyacrylic and methacrylic 
esters and due to its properties , such as optical transparency, bigb strength and good 
dimensional stability; it is a suitable material as a negative resist (Huang and Brittain, 
2001 ; Semaltianos, 2007; Wang et. al. , 2001). PMMA, which bas a refractive index 
of 1.49 at the telecommunication wavelength /..,= 1550 nm, can also be used as a 
cladding layer on silicon waveguides, as a protective layer for wafer thinning, as a 
sacrificiallayer or as a bonding adhesive. 
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3.1.2 Crystal Violet 
In order to obtain a large second-order hyperpolarizability y , molecules with 
multidirectional intramolecular charge-transfer (CT) transitions can be used instead of 
unidirectional molecules since in multidirectional molecules their charges move from 
the periphery to the center of the molecules under the action of a polarisation field . 
However, in unidirectional molecules, charges are displaced along the length of the 
molecule, which results in a simple dipole. Therefore, large changes in electric 
moments will appear in molecules with multidirectional intramolecular charge-
transfer (CT) transitions as a consequence of molecular symmetry, which enables 
periphery-to-center charge-trans fer transitions (Greve et. al. , 1997). 
Periphery-to-center charge-transfer transitions can be observed m tris( 4-N N-
dimethylaminophenyl)methyl, which is better known as crystal violet. Its chemical 
structure is presented in Fig. 3.1 and consists of a central carbon a tom bonded to three 
benzene rings that are in turn each linked to a methyl group. The dialkylamino group 
in the periphery of the molecule are the electron donors and the central carbocation 
acts as the acceptor. 
l 
NMe 2 
Figure 111.1: Molecular structure of crystal violet [from (Greve et. al., 1997)] 
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The periphery-to-center charge-transfer (PC-CT) is consistent with the HOMOs and 
LUMOs states of crystal violet, which are illustrated in Fig. 3.2 (Greve et aL , 1997). 
(a) (b) 
Figure 111.2: Calculated a) HOMO and b) LUMO for crystal violet[from (Greve et. al., 
1997)] 
The second-order hyperpolarizability of crystal violet molecules was evaluated based 
on third harmonie generation measurements made with thin films . Previous studies 
reported high y-values for this chromophores around y= 2.0 x 10-33 esu at a 
wavelength o0,= 1064 nm (Greve et. al. , 1997). 
3.2 Silicon Slot Waveguides 
3.2.1 Waveguide Design 
The slot waveguides that were used for this thesis were designed by Dr. Mohamed 
Rahim. In the design of slot waveguides, the critical factors that must be considered 
are the slot orientation (vertical or horizontal), the waveguide geometry, and the 
choice of materials. The silicon-on-insulator structure typically used in silicon 
photonics (Bogaerts et. al. , 2007), which consists of a thick buried oxide layer (~2 to 
4 ~rn) and a thin crystalline silicon layer (220 nrn), provides the high refractive index 
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contrast that is necessary to implement slot waveguides. Moreover, as described 
below, commercial processes that offer multi-project wafer runs are available for this 
technology. The process provided by IMEC was used to implement the sample 
presented in Fig. 3.3 . 
Figure 111.3: Top-view SEM picture of design. The letters refer to Table 3.1 . 
The waveguides in the deviee shown in Fig. 3.3 can be divided into three blocks 
of seven waveguides, which have different geometries as indicated in Table 3 .1. Each 
block bas waveguides of different lengths and each also bas curves with different 
radii. The deviee parameters for three blocks are presented in Table 3.1. 
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Table 111-1: Waveguides' dimensions 
Slot waveguide's width (Jlm) Waveguides dimensions (Jlm) 
A-100 Ws=O.IO Length Curves' radii 
Block A 
A-120(1) W 5=0.12 Lt=3726 Rt=300.32 
A-120(2) Ws=0.12 
Waveguides A-130 Ws=0.13 Block B L2=9369.5 R2=150.32 
A-140 Ws=0.14 
Y-100 Ws=0.10 R3=190.32 
Block C L3=12396 
Y-120 W 5=0.12 R 1=290.32 
In this study, the thickness of the silicon layer used to build the slot waveguides is 
h=220 nm (see Fig. 3.4). The rail width is constant for ail waveguides at wr=240 nrn 
but the slot width varies between w5 =100-140 nm (see Fig. 3.4). Thus, each block 
bas waveguides with various slot widths. The slot filling material in this experiment, 
PMMA containing crystal violet, is assumed to have a refractive index of 1.51 at a 
wavelength of 1550 nm. 
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Silicon dioxide 
Figure 111.4: Slot waveguide structure 
In addition to different slot widths, two types of couplers were used to perform 
the transition between the strip waveguides connected to the grating couplers 
(described below) and the slot waveguides . Optical couplers are passive deviees that 
couple light between waveguides and they have been used in many applications 
including the interface between deviees (Liu, 2005). In this experiment they are used 
to transform the fundamenta l mode of the input and output channel waveguides to the 
mode supported by the slot waveguide. The first type of coupler used is a simple Y-
branch. There are two waveguides with Y -bran ch couplers in each of the 3 blocks of 
this deviee. They are identified by the letter Y in Table 3.1. Figure 3.5 shows a 
scanning electron microscopy (SEM) top-view of the Y -branch. The parameters of 
the Y-branch are as follows: rail width before separation w= 600 nm, waveguides 
separation in the range ofw5=100 -120 nrn and rai l width wr=240 mn. 
Figure 111.5: Top-view SEM picture of the Y-branch 
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Y -bran ch couplers are simple to design and have been used in nu merous 
demonstrations . However, their performance is limited by the minimum feature size 
achievable with a given fabrication process, which leads to an abrupt transition from 
strip to slot waveguide. To improve the performance of the transition region, couplers 
with an adiabatic transition from strip to slot waveguide were used in most of the 
waveguide implemented on the samples used for this work. The design of these 
adiabatic couplers (shown in Fig. 3.6) is based on the work reported by Saynatjoki et. 
al. (20 11). The strip waveguide is progressively narrowed down into one of the rails 
of the waveguide within the coupler length. The upper slot rail bas an initial width 
wt= 100 mn, which enlarges gradually to the final rail width. The adiabatic couplers 
have the following design parameters : waveguide length L=4 Jlm, waveguide width 
W=450 nm and waveguides separation S=240 nm. 
Figure 111.6: Top-view SEM picture of the coupler design used in sample 
Because of the optical mode mismatch at the interface between an optical fiber 
and a silicon photonic deviee, grating couplers are used to couple light from an 
optical fiber to a waveguides (Suhara and Nishihara, 1986). The diffraction in the 
grating structure changes the direction of propagation of the light coming from the 
input fiber to send it along the silicon strip waveguide. The inverse happens at the 
output side. Figure 3.7 and 3.8 show the grating couplers that are located at the two 
ends of each waveguide on the sample. They are 10 flin x 10 Jl.m in size and con vert 
the fi ber mode into a 10 flin wide mode that than travel along an adiabatic taper until 
it reaches the width of the strip waveguide (500 mn). The grating dimensions must be 
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large enough to collect the entire incident laser bearn from the optical fiber. The 
grating period is designed for light incident at 1 oo, which en sures that the light is 
propagating towards the desired direction in the waveguide (Pella, 2014). 
Figure 111.7: Top-view SEM picture of grating coupler 
Figure 111.8: Image of the grating cou piers at the end of one block of waveguides 
3.2.2 Deviee Fabrication 
The chip was fabricated at the IMEC foundry through an academie collaboration with 
CMC Microsystems. In this section, the process and design rules of the silicon 
photonic chips is described based on the documentation for IMEC silicon photonics 
technology, which is referred to as SIPP (Dumon, 2012). 
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The SIPP technology uses SOI wafers with the following specifications: 
• 220 nm crystalline (100) Si top layer with a background P-doping of boron, 
• 2000 nm buried oxide, 
• 725 Jlm substrate with a background P-doping of boron. 
The process flow is divided into different modules, which regroup ali the steps 
required to transfer a pattern onto the wafer (i .e. lithography, etching, cleaning, etc.). 
These modules create passive deviee structures into the SOI layer, and in the case of 
our samples, two of these process modules are needed to produce the waveguides and 
the grating couplers. The waveguide (WG) module etches 220 mn trenches and holes 
into the silicon deviee layer until the buried oxide is reached (see Fig. 3.9). The 
patterns are defined using 193 mn deep ultraviolet (DUV) lithography. This module 
can be used to create strip waveguides, photonic crystals, ring resonators, Bragg 
gratings with side modulations or arrayed waveguide gratings. 
The fiber coupler (FC) module etches 70 mn into the silicon deviee layer and the 
patterns are also defined using 193 nrn DUV lithography. The FC module can be used 
for many structures, such as rib waveguides, star couplers and Bragg gratings with 
top modulation (see Fig. 3.9). 
2000nm S10 
Figure 111.9: Cross-section of SiPhotonics Standard Passives (PSV) FC and WG 
modules (Dumon, 2012) 
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Lastly, a 5 fl in thick protective resist top cladding (RESCLAD) is applied on the 
wafer, as shawn in Fig. 3.1 O. The wafer can also be cladded with silicon dioxide but 
in this work we needed to have access to the surface of the waveguide core. The 
protective resist is removable with acetone and isopropyl alcohol. An overview of the 
process modules is described in Table 3 .2. 
"' L 1 tr dl· 
Figure 111.10: Cross-section of SiPhotonics PSV with resist cladding (Dumon, 2012) 
Table 111-2: Overview of process modules 
Process Module Description 
FC 70 nm deep trenches/holes/ribs. 
WG 220 nm deep trenches/holes/strips. 
RESCLAD 5 flin protective resist caver. 







3.2.3 Deposition of Crystal Violet 
Solution Preparation 
In general , PMMA is formulated with a molecular weight of 120K, 495K or 950K 
and the usual method for its deposition is spin coating. In this work, different 
concentrations of PMMA and crystal violet were studied to optimise the slot 
waveguide-polymer integration. In recent studies crystal violet 10 wt. % has been 
used for the study of third-order nonlinearities. Thus, different concentrations of 
crystal violet from 1 to 1 0 wt. % have been prepared to deposit on the samples for the 
further experiments (see Chapter 4). 
The crystal violet and PMMA solutions were prepared with two different solvents. 
The solutions were prepared by following these steps: 
• For 5 wt % PMMA: 150 mg of PMMA 120K from Sigma-Aldrich were 
dissolved in 3 ml of solvent (i.e. chlorobenzene or chloroform), 
• For 1 to 10 wt % crystal violet: 30 mg of crystal violet per percent were 
dissolved in a 5 wt% PMMA solution. 
Each solution was stirred for three hours at 40 oc with a magnetic stirrer/hot plate, 
and then it was placed in an ultrasonic bath for 30 minutes to make sure the solutions 
were uniform. 
The first concentration that was prepared was the 10 wt. % crystal violet solution. 
It was deposited on a sample but because of the thickness and opaqueness of this high 
concentration, the waveguides could not be seen with the visible camera, which made 
it impossible to align the optical fibers with the waveguides. Thus, lower 
concentrations of crystal violet solutions in chlorobenzene were tested from 1 to 
5 wt. % for the study of propagation Joss (see Chapter 4) but measurements were 
obtained on! y for the 1 wt.% crystal violet due to the viscosity and opaque co lor of 
higher concentrations. 
Another issue that arose with the crystal violet solutions made witb 
chlorobenzene is that the solubility of crystal violet is limited in this solvent. As 
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shown in Fig. 3.11 , the sample is not unifom1 and it has crystal violet partiel es that 
are not dissolved. 
Figure 111.11 : Sample covered with crystal violet 5 wt % dissolved in chlorobenzene 
Therefore, chloroform was chosen to replace the previous solvent in order to better 
dissolve the PMMA and crystal violet (Al-Kadhemy and Abaas, 2012). In addition, to 
remove undissolved particles, a 450 nm filter was used to deposit the solution. In 
comparison with the chlorobenzene solution, the chloroform solution is more unifonn 
and the grains have disappeared, as shown in Fig. 3.12. 
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Figure 111.12: Sample covered with crystal violet 5 wt.% dissolved in chloroform 
Finally, to make sure that the slot waveguides are filled with the cladding 
material, samples with 5 wt. % PMMA and 1 wt. % crystal violet were cleaved and 
the ir cross-section was imaged with SEM. Figure 3.13 and 3.14 show th at the slot 
waveguides are properly filled with the solutions. 
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Figure 111.13: SEM picture of the cleaved sample deposited with 5 wt. % PMMA 
Figure 111.14: SEM picture of the cleaved sample deposited with 1 wt. % crystal violet 
Cleaning of the Samples 
The samples had to be prepared before the polymer deposition. They were cleaned 
with acetone, isopropyl alcohol and deionized (DI) water in successive steps and then 
they were dried with nitrogen. This was required in order to remove the photoresist 
and to clean any possible contamination. 
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Hence, sample cleaning is one of the most important aspects of the fabrication 
process to remove the contamination and it was done as follows: 
• Dipping in acetone for 5 minutes, 
• Dipping in isopropyl alcohol for 5 minutes, 
• Dipping in DI water for 5 minutes, 
• Blow drying with nitrogen, 
• Baking at 150°C for 10 min on a hotplate to dehydrate the sarnple. 
Before proceeding to the deposition, it is important to verify that there are no dust 
particles on the sample by inspecting it under the microscope. 
Spin Coating Deposition 
To begin the deposition, a puddle of crystal violet solution (3-5 ml) is placed at the 
centre of the sample, and then spun to form a unifom1 layer of crystal violet. The 
resulting film thickness depends on the solution viscosity, the rarnp of speed and most 
importantly the final spin speed. 
The crystal violet solution was spin coated onto the sample in 2 steps with the 
following parameters: 
Step 1: 
Spin speed: 1500 rpm 
Ramp: 750 
Time: 10 sec 
Step 2: 
Spin speed: 3500 rpm 
Ramp: 750 
Time: 35 sec 
After this, the sample is baked on a hotplate at a temperature of 130°( for 120 
seconds. This soft bake is done to harden the solution and to improve uniformity. 
Again , it is necessary to make sure that there is no dirt or scratch on the sample under 




EFFECT IN SOl WAVEGUIDES 
In this chapter, the Eigenmodes of slot waveguides and the transverse electric field 
distribution of the quasi-TE mode are simulated by using a full-vectorial fini te-
difference mode solver. In the following section, by using the extended definition 
of Aeff , we calculate the effective mode area for slot waveguides with different slot 
widths. The waveguide geometries considered here are those of the fabricated 
sarnples, which were based on configurations previously reported in the literature for 
other hybrid demonstration. The waveguides were fabricated before the simulations 
were completed because of the time frame imposed by the fabrication runs offered 
through CMC Microsystems. Next, the nonlinear waveguide parameter y is estimated 
for waveguides with a crystal violet cladding based on values reported in the 
literature for crystal violet thin films . The material pararneters and nonlinear 
coefficients of crystal violets are summarized in this chapter. The last part of this 
chapter deals with FWM-based wavelength conversion, which is simulated with a 
MA TLAB script that salves the nonlinear coup led mode equations presented in 
chapter 2. 
4.1 Numerical Calculations of Slot Waveguide Modes 
In order to study the effect of the nonlinear material in the slot region, the modal 
distribution of the slot waveguides must be analyzed and the effective refractive 
index 11eJJOf the guiding mode must be calculated. Simulations were performed using 
the Beam Propagation Method (BPM) provided with the RSoft package, which offer 
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a full spectrum of photonic deviees and optical communication design solutions. As 
mentioned in chapter 2, this method approximates the wave equation and solves the 
resulting equations numerically by using finite difference methods. 
The slot waveguide structure sirnulated in RSoft, including its refractive index 
distribution, is presented in Fig. 4.1 . 
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Figure IV.1: Counter map of transverse index profile of a slot waveguide with crystal 
v iolet cladding. The colour scale represents the refractive index value 
In our case, the main E-field component of the guided mode in the slot waveguide is 
along the x-direction and corresponds to the quasi-TE Eigenmode. By using the RSoft 
software, the quasi-TE Eigenmode of the slot waveguide structure can be simulated 
with a full-vectorial [mite-difference mode solver and a non-uniform mesh. As 
mentioned before, the slot waveguide is built on a silicon-on-insulator (SOI) 
substrate. The slot waveguide core is made of silicon that bas a refractive index of 
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n5i=3.48, and it is supported by a lower cladding in Si02 that bas a refractive index 
ofn5w2 =1.46. In the simulations, the wavelength is assumed to be À=1.55 Jlm with a 
slot width, W s filled with a low-index material , crystal violet ( ncv=1.51) and a 
defined height h. The slot waveguide structure bas rails having a width of w,.=240 mn, 
a slot with a width between ws= 110 to 140 nm, and a height of h=220 nrn . The range 
of slot width was limited between 110 nm and 140 nm for two reasons: the smallest 
dimension was dictated by the minimum feature size used to implement the sample 
presented in chapter 3; the maximum dimension on the other band was set by the fa ct 
that for slot widths of more than Ws > 140 mn, the efficiency drops significantly. A 
grid spacing of 0.1 Jlm is used by the complex mode solver within the region that 
includes the waveguide. Figure 4.2 shows a scanning electron microscopy (SEM) 
top-view picture of a fabricated slot waveguide structure indicating the dimensions 
corresponding to the rail width (wr) and the slot width (w5) . 
Figure IV.2: Top-view SEM picture of the slot waveguide 
The transverse E-field amplitude distribution of the guided quasi-TE mode is shown 
in Fig. 4.3 for different slot width . The strong E-field in the slot is noticeable by the 
bright region in center. As explained in chapter 2, this is due to the overlap of the 
strong discontinuity caused by the high-index contrast interfaces that are very close to 
each other. 
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Figure IV.3: Normalized transverse E-field profile of the quasi-TE mode for ncover=1 .51 
for a) W5=100 nm b) W5=120 nm c) W 5=130 nm d) W5=140 nm. The color scale shows the 
electric field normalised ampl itude. 
The effective refractive index of the slot waveguide Eigenmode calculated through 
simulation is listed in Table 4.1 for different slot width considered in this study. 
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Also, the n eff variation as a function of wavelength for different slot widths is shown 
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Figure IV.4: Effective refractive index of crystal violet as a function of wavelength for 
for various slot widths 100 nm<w5<140 nm 
Therefore, since the effective refractive index is significantly lower that the refractive 
index of silicon, this shows that the optical power for the quasi-TE mode is 
concentrated in the slot. Furthermore, the effective refractive index is smaller than 
that of comparable channel waveguides (Xu et al. , 2004). 
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The horizontal eut of the major component of the E-field is shown along the x-
direction at y=O in Fig. 4.5. It can be seen that the optical intensity in the slot region is 
much higher than that in the high-index regions, which demonstrate the E-field 
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Figure IV.5: Horizontal eut of the Ex mode profile at Y=O 
4.2 Effective Area of the Third-order Nonlinear 
Interaction 
The effective area for nonl inear interaction Aeff, is an important measure in 
waveguides since the leve! of light interaction with the nonlinear material can be 
contro lled by the waveguide geometry. The calculation of the effective area is based 
on the modal field . By considering the relation y ex: xC3) /n2 A eff , we understand that 
for a given tbird-order nonlinear susceptibility xC3), the nonlinear effects can be larger 
2 
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if we have a smaller A eff· The nonlinear susceptibility is a function of the materials 
that make up the cross-section of the waveguide. 
In the slot waveguide structure, the total cross-section of the waveguide is Dtotal 
which comprises Dcore , Dsub and Dcover (see Fig. 4.1 ). A strong nonlinear interaction 
area exists inside the slot region covered with a nonlinear material because of the 
large electrical resulting from the high confinement of the fundamental quasi-TE 
mode. Thus, to calculate the nonlinear effective area, one needs to determine the 
region occupied by the mode in the cover domain, Dcover , where the cladding 
nonlinear material is located (see Fig. 4.1 ). Therefore, for the cladding nonlinearity, 
the interaction domain is Dinter = Dcover and the linear refractive index of the 
nonlinear material in the Dinter is considered as ncv . The effective area for the slot 
waveguide can be written as (Koos et al. , 2007): 
2 
z02 IJJ 0 Re{E(x,y) x H *(x,y).ezdX dy}l A _ tot ( ) 
eff- n~v ff . IE(x,y)l 4 dx dy 4·1 
Dm ter 
where Z0=..} Jlo/ E0=377 .Q is the free-space wave impedance, and e2 is a unit vector 
pointing in positive z-direction. The modal fields E(x, y) and H(x, y) are classified 
by TE and TM mode. The electric and magnetic fields of the fundamental waveguide 
modes are calculated by using Beam Prop Method (BPM) simulations performed 
with RSoft, as described in the previous section. 
To demonstrate the impact of the slot waveguide geometry and of the cladding 
material refractive index, the effective nonlinear interaction area Aert was calculated 
with MA TLAB for slot width in the range 110 nm < w5 < 140 nm and a nonlinear 
cladding material refractive index varying from 1 < n cover < 3. The results are 
presented in Fig. 4.9. For the lower cladding refractive indices, only a small part of 
the electromagnetic field is guided in the high index core material ; therefore, the field 
enhancement increases and as it can be seen from Fig. 4.6, the effective area 
decreases. For a slot width of w5 = 140 nm with crystal violet as the nonlinear cover 
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material, which corresponds to one of the waveguide configuration on the test 


















0 - 2~~1----~----~--~~6----~8~--~----~2--~2~--~L---~~--~3 1.2 1.4 1. 1. 2 2. .4 2.6 2.8 
ncover 
Figure IV.6: Effective area Aeff for various slot widths 100 nm<w5<140 nm as a function 
of the cladding refractive index. 
4.3 Dispersion and Phase-matching Condition 
By using fmi te difference methods to compute the quasi-TE mode effective index as a 
function of wavelength, the group velocity dispersion (GVD) of the slot waveguides 
can be modeled by: 
(4.2) 
However, the precision of calculations depends on the grid size and the computational 
window. Therefore, a convergence srudy was performed to determine stable and 
accurate computation conditions. The final detai ls of the calculations are as follows: 
computation window size is 3000 nm in the x and y direction and the grid sizes are 
59 
dx =10 mn and dy = 11 nrn. The results are presented in Fig. 4.7 for the range from 
/-..,= 1.5 f.1m to /-..,= 1. 6 f.1m for different slot widths. 
At a wavelength of /-..,= 1.55 Jlm for crystal violet with a refractive index 
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Figure IV.7: Simulated GVD for the TE mode as a function of wavelength for w5 =140 nm 
Phase matching in FWM process is a critical requirement as discussed in the 
beginning of this section. The effects of dispersion must be considered as a critical 
parameter when evalua ting the nonlinear characteristics of slot waveguides. However, 
the phase matching condition can be optimized by engineering of the dispersion 
properties of waveguides . 
Dispersion engineering of SOI-based slot waveguides bas been studied by Zheng, 
Iqbal and Liu (2008) at /-..,= 1550 nm and the results demonstrate the dependence of the 
dispersion on the slot waveguide geometries, including the slot width and the filling 
material used in the slots. Thus, it is possible to improve the efficiency of nonlinear 
processes, such as FWM, in slot waveguides by engineering their dispersion. Ideally, 
for FWM the dispersion should be near to zero at the pump wavelength. The benefits 
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of this have been demonstrated with channel silicon waveguides, which through 
dispersion engineering have achieved broadband parametric gain and wavelength 
conversion (Lau et al., 2011). As can be seen from Fig. 4.7, there are significant 
improvements possible with regards to the dispersion profile of the waveguides 
considered in this study. Nevertheless, this optimization is not straight forward since 
modifying the geometry of slot waveguides can also have a significant impact on 
their effective area, as illustrated in Fig. 4 .6. Therefore, for this initial demonstration, 
the emphasis was put on slot waveguide geometries with a small effective area that 
were compatible with the fabrication process. 
4.4 Nonlinear Parameters of Crystal Violet 
4.4.1 Third Order Nonlinear Susceptibility 
The third arder nonlinear susceptibility of crystal violet was reported by measuring 
third-harmonic generation (THG) for fundamental wavelengths within the range 1100 
run< Â < 1800 nm (Ramos-Ortiz et al. , 2007). The nonlinear susceptibility of the 
crystal v iolet, which demonstrate the multidirectional charge transfer within its 
octupolar structure (three-fold symmetry) , is in the arder ofx(3)=10-12 esu . 
The third arder nonlinear susceptibility x C3) for a polymer film doped with 
10 wt. % of crystal violet is shawn in Fig. 4.8 (Ramos-Ortiz el al. , 2007). At a 
wavelength of Â= 1550 run, the third order nonlinear susceptibility of crystal violet 
with a refractive index ncv=1.51 is x C3)=4. 7 x 10-12 esu . These values were used in 






Figure IV.8: Third order nonlinear susceptibility for a polymer film doped with 10 wt.% 
crystal violet as a function of wavelength (adapted from Ramos-Ortiz et al., 2007) 
4.4.2 Nonlinear Waveguide Parameter 
As discussed in section 2.2.1, in waveguides, the nonlinear parameter y presents the 
intensity of the third-order nonlinear interaction: 
2rrn2 y== 
Àp Aeff (4.3) 
The nonlinear refractive index of crystal violet n2 (m2 /W ), can be found by using the 
following equation (Okamoto, 2010; Tkach et. al. , 1995): 
480rr2xC3) [ esu] 
n2 [m 2 /W] ==-----cn2 (4.4) 
Ali calculations were perfonned at the telecommunication wavelength 6f 
Àp == 1550 nm. The dimensions and parameters for crystal violet used with a slot 
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width of w =140 are summarized in Table 4.2. Furthermore, the nonlinear parameter 
as a function of slot width w5 is presented in Table 4.3. 
Table 4-2: Summary of material parameters and nonlinear coefficients for crystal violet 
Rib width Wr 200nm 
Slot width Ws 140 nm 
Rib height h 220 nm 
Length L 1000 Jlill 
Refractive index ncv 1.51 
Propagation loss a 3.0 dB/cm 
Slot waveguide dispersion D -3031 ps/(km nm) 
Nonlinear effective mode area Aeff 0.321 J1m2 
xC3) 4.7 x 10-
12 esu 
Nonlinear susceptibility (Ramos-Ortiz et al. , 
2007) 
Nonlinear refractive index 11 z 3.26 x 10-17m 2/W 
Table 4-3: Nonlinear parameter and nonlinear effective area for different slot widths 
Slot Width Nonlinear Effective Mode Area Nonlinear Parameter 
w5 (nm) Aetf (J1m2) y(Wm)-1 
100 0.279 473 
120 0.301 438 
130 0.319 414 
140 0.335 394 
The large nonlinear parameter calculated for crystal violet is due to the chromophore 
units attached to the backbone and it is approximately four times larger than that of 
silicon waveguide, which is 100 (Wm)-1 (Vallaitis, 2014). Moreover, the nonlinear 
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parameter values obtained here are higher than for ali the other deviees reported in 
section 2.4, except for PTS . 
4.5 FWM-based Wavelength Conversion 
In the FWM process, to convert a signal that carries information to an idler wave, a 
continuous-wave (CW) pump is preferable since there is no synchronisation 
requirement between the pump and the signal as is the case with burst mode pumps. 
The coupled differentiai equations that mode! the FWM process were presented in 
section 2.3.2. There are various methods to mode! FWM wavelength conversion 
(Foster et al. , 2007) but in this thesis, the most common approach is applied, which is 
solving the coupled differentiai equations numerically. In this case it was performed 
using a MA TLAB script. Moreover, in the DFWM process the energy of two pump 
photons is converted and one signal photon and one idler photon are generated. The 
idler photon receives the information of the signal photon in this process. The 
wavelength conversion efficiency defined as the ratio of output idler power (Pi~~~r) to 




Therefore, the conversiOn efficiency as a function of idler wavelength can be 
numerically calculated by integrating the coupled-mode equations of FWM presented 
in section 2.3.2. A MATLAB script adapted from Ryan K.W. Lau (Lau et al. , 2011) 
that solves the coupled-mode equations is used in this work. 
In our DFWM mode!, the two-photon absorption (TPA) and self-phase 
modulation (SPM)/cross-phase modulation (XPM)-induced frequency mismatch are 
considered as limiting factors. The slot waveguide parameters used in the simulations 
are summarized in Table 4.2. To calculate the conversion efficiency, the pump 
wavelength is set at 1550 nm with an input pump power of 100 mW and the signal is 
continuously tuned from 1550 to 1565 nm for each waveguide. The theoretical 
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conversion efficiency as a function of idler wavelength for different slot width is 
shown in Figure 4.9. The peak conversion efficiency is approximately -12 dB for a 
slot waveguide filled with crystal violet with a slot width of w5= 100 nrn. Moreover, 
these results show that within the range considered here, the slot width bas little 
impact on the conversion efficiency and the achievable bandwidth. However, using 
the larger slot is preferable to implement the waveguides since it is easier to fil! it 
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Figure 4.9: Theoretical conversion efficiency as a function of idler wavelength for slot 
waveguides filled with crystal violet 10 wt.% for slot widths 100 nm< W 5< 140 nm 
The conversion efficiency of slot waveguides (shown in Fig. 4.9) is compared with 
the one of a silicon waveguide with a height and width of h=200 nrn and w=500 run, 
respectively. As it is shown in Fig. 4.10, the conversion efficiency of silicon 
waveguides with the same simulation parameters is approximately -18 dB, which is 
lower than that of slot waveguides with the nonlinear chromophores due to the large 
two-photon absorption coefficient of silicon. However, it should be mentioned that 
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Figure 4.10: Theoretical conversion efficiency as a function of idler wavelength for a 
silicon channel waveguide 
Moreover, the impact of increasing the pump power on the conversion efficiency of 
slot and silicon waveguides is studied. As shown in Fig. 4.11 and Fig. 4.12, when the 
pump power reach Pin=300 mW, the conversion efficiency of slot waveguides 
increases to 0 dB but for silicon it satura tes at around -10 dB because of its large two-
photon absorption coefficient Thus, slot waveguides are more effi-cient at higher 
























- }~5o 1552 1554 1556 1558 1560 1562 1564 
À. (nm) 
Figure 4.11: Theoretical conversion efficiency as a function of idler wavelength for slot 
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Figure 4.12: Theoretical conversion efficiency as a function of idler wavelength for 
silicon waveguide with an input power of Pin=300 mW 
CHAPTERV 
EXPERIMENTAL SETUP AND 
MEASUREMENTS 
In this chapter, the experimental setup and corresponding results for linear loss 
measurements in a slot waveguide structure filled with crystal violet are discussed. 
Furthennore, the FWM-based wavelength conversion experiment is shown in detai ls. 
5.1 Experimental Setup and Measurements 
As mentioned in section 3.2, grating couplers are used to couple light from a single-
mode fiber into photonic integrated circuits as illustrated in Fig. 5.1. 
1 OiJm wide wavegu ide 
single-mode fiber, 




Figure 5.1: Schematic of a grating coupler used to couple light into a photonic 
integrated circuit (adapted from (Pello, 2014)) 
A standard setup is configured to measure the propagation loss of light coupled into 
the waveguides with grating couplers (see Fig. 5.2). Each element of this setup bas a 
specifie function that is described below: 
68 
Figure 5.2: Loss measurement setup 
1. Fiber chuck holders 
Fi ber chucks maintain the fi ber and the tips of the fi bers are fixed at an angle 
of 10° with respect to the sample normal during the measurements. Fiber 
chuck holders were designed and fabricated to hold the fiber chucks while the 
other ends of fi bers are connected to a source that can be a tunable laser, or an 
erbium-doped fiber amplifier (EDFA)) orto a detector such as a power-meter, 
or an optical spectrum analyzer (OSA). 
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2. Goniometers 
In order to adjust the fiber chuck holders to the optimum coupling angle, they 
are mounted on goniometers set to obtain an angle of -10° between the fi ber 
and the direction normal to the sarnple surface. 
3. Micropositioners 
The fiber chuck holders are fixed on 3-axis micropositioners to precisely 
adjust their position. 
4. Alignment visible camera 
A camera operating at visible wavelengths is placed at -45° with respect to 
the sample surface to align the fibers relative to the on-chip grating couplers. 
To distinguish one waveguide from the others and position accurately the 
fibers with respect to the grating coupler, the resolution of the camera should 
be high. The camera used in this setup is connected to a 50x microscope 
objective using a tube of -1 0 cm in length. After this initial visual alignment, 
the received power is maximized by fine tuning the position of the in and out-
coupling fibers with the micropositionners . 
5. Polarization controller (not shown) 
ln order to control the polarization state of the input light, which needs to 
match the fundamental TE mode in the slot waveguide since it is the only 
polarization propagation through the deviee, a polarization controller is 
necessary between the fi ber bolder and the laser. 
5.1.1 Propagation Loss Measurements 
The propagation loss of the fabricated waveguides was obtained by performing 
measurements on similar waveguides of different length, which correspond to block 
A, B and C described in chapter 3. This is equivalent to the cutback method in which 
the output power P 1 of a waveguide of length L1 is measured, and then the output 
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power P2 for a different length L2 is obtained. From this, the propagation loss can be 
evaluated with (Reed et Knights, 2004): 
Pz/Pl 
a= ln L L 
1- 2 (5.1) 
The insertion loss ainsertion corresponds to ainsertion = Œcoupling + Œpropagation if 
all these !osses are specified in a logarithmic scale. The measurement results are 
presented after the discussion on the cladding materials used . 
In this work different solutions were used to achieve the lowest loss . First, 
5 wt.% PMMA with a refractive index n= 1.49 was used. The refractive index of 
PMMA is slightly lower than that of crystal violet, which means that a little bit more 
of the mode will be confined in the slots as demonstrated by the effective area 
simulations presented in Fig. 4.6. Ail the solutions were prepared with two different 
solvents: chlorobenzene and chloroform. The initial solvent was chlorobenzene but as 
explained in chapter 3 the solubility of crystal violet was limited in this case. Thus, 
we changed to chloroform to solve that issue. For the crystal violet solutions, 
different concentrations were deposited on the sample to perfonn the measurements 
but because of the opaqueness of the higher concentrations only 1 wt. % crystal violet 
and 5 wt. % PMMA dissolved in chloroform were used for the loss measurements . 
The dark color of the other concentration made the alignment of the coup ling fi bers 
impossible. 
Therefore, the samples for which the !osses were measured had the following 
cover materials: 
• 5 wt. % PMMA dissolved in chlorobenzene, 
• 5 wt. % PMMA dissolved in chloroform, 
• 1 wt. % crystal violet and 5 wt. % PMMA dissolved in chloroform. 
Figure 5.3 shows an example of data points and of the fitted line for a slot width of 
w = 140 nm with a cladding of 5 wt. % PMMA dissolved in chlorobenzene. The 
measured insertion !osses are for an input power of Pin=6.3 d.Bm. The three different 
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lengths of waveguides on the sample chip are exactly 3.726 mm, 9.369 mm, and 
12.396 mm. 
• Data points for TE mode 
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Figure 5.3: Measurement of the insertion loss for the fundamental TE mode for slot 
waveguides with a slot width of w5=140 nm and cladded with 5 wt% PMMA dissolved in 
chlorobenzene. 
Fiber alignments were performed to optimize the input and output power and then the 
)osses were measured for various waveguide geometries and lengths. The propagation 
loss and insertion Joss measurements results are presented Table 5.1 in for 
waveguides cladded with 5 wt. % PMMA dissolved in chlorobenzene. The value 
presented for the coupling Joss is the total coupling Joss. It should be divided by two 
to obtain the value per side. 
1.3 
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Table 5-1: Measurements of insertion losses, propagation Josses and coupling 
losses for waveguides filled with PMMA 5 wt. % dissolved in chlorobenzene 
Propagation Loss Coupling Loss Insertion Loss 
Waveguide 
(dB/cm) (dB) (dB) 
A-100 12.9 15.0 27.9 
A-130 8.8 20.5 29.3 
A-140 7.7 20.7 28.4 
Y-100 13 .3 12.3 25 .7 
The lowest linear loss in this set of slot waveguide structures with this cover material 
is measured for a slot width of 140 nm and is - 7.7 dB/cm. The high !osses of these 
waveguides in comparison to strip waveguides can be explained by the much higher 
leve! of interaction between the silicon sidewalls and the optical field . Indeed, in a 
strip waveguide the optical energy is concentrated in the middle of the core, away 
from the core/cladding interface. This is not the case in slot waveguides where light is 
confined between two very close interfaces. As a result, the light a slot waveguide is 
more affected by the roughness of the sidewalls, which results is !osses through 
scatteri.ng. Moreover, the layout of the samples made it impossible to distinguish 
between certain causes of !osses. For instance, the !osses due to transition from strip 
to slot waveguide could not be measured. Since we expect this loss to be constant 
across waveguides of different lengths, it should be associated with the coupling 
!osses. On the other hand, the different length of waveguides also had different 
number of bends. Thus, if any extra !osses were induced by bending the waveguides, 
it is included in the propagation loss results. The bends were purposefully made with 
large radii (over 150 J..lm) in order to mini.mize bending )osses. However, after 
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fabrication it was discovered that the slot width is not constant inside the bends, it 
tends to become larger, and this could have induced extra lasses. Nevertheless, as 
explained in the discussion below our results compare favorably with those reported 
in literature and therefore we expect the impact of these width variations to be 
minimaL 
Few measurements were successful with the waveguides having a slot width of 
120 nrn, especially those with adiabatic transition region. Since the waveguides with 
the smaller slot of 100 nm worked, this indicates that there was an issue with the 
layout of the 120 run slots. 
Next, the loss measurements were performed on slot waveguides filled with 
PMMA 5 wt % dissolved in chloroform. As shawn in Table 5.2, the lowest loss 
measured is ~6 . 5 dB/cm again for the slot of a 140 nm which bas a lower propagation 
and insertion loss than that of PMMA 5 wt % with chlorobenzene. Therefore, in 
addition to improve solubility, chloroform also provides better insertion !osses. This 
is most likely due to a better filling of the slot and the grating couplers topology 
during the cladding deposition . 
Table 5-2: Measurements of insertion losses, propagation losses and coupling losses 
for waveguides filled with PMMA 5 wt. % dissolved in chloroform 
Propagation loss Coupling Loss Insertion loss 
Waveguide 
(dB/cm) (dB) (dB) 
A-100 7.52 9.9 17.5 
A-130 9.5 6.6 16.1 
A-140 6.5 9.3 15.8 
Y-100 8.4 7.9 16.4 
Y-120 7.6 8.6 16.2 
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Finally, crystal violet solutions dissolved in chloroform with concentrations ranging 
from 1 wt. % to 30 wt. % were prepared for the Joss measurement experiments. Due 
to the opaque color of crystal violet, after deposition the fiber alignment becomes 
very di ffi cult with the visible camera. Thus, the lowest concentration of crystal violet, 
1 wt. %, was deposited on the sample and Joss measurements were performed (see 
Table 5.3). 
Table 5-3: Measurements of insertion losses, propagation losses and coupling losses 
for waveguides filled with crystal violet 1 wt. % dissolved in chloroform 
Propagation Joss Coupling Loss Insertion Joss 
Waveguide 
(dB/cm) (dB) (dB) 
A-100 15.8 14.1 29.9 
A-130 12.6 14.7 27.3 
A-140 11.9 14.3 26.2 
Y-100 14.0 12.1 26. 1 
Y-120 13 .1 14.7 27.8 
In this work, slot waveguides with crystal violet as the cladding material are 
studied for the frrst time and results show that the waveguide with the widest slot has 
the lowest Joss . Nonetheless, the high Joss in these waveguides is due to the 
deposition process of crystal violet into the slot waveguides . To minimize the loss, 
the solution concentrations and spin coating parameters such as spin speed, ramp and 
thickness bave been varied . By using a profilometer, the thickness of 1 wt. % crystal 
violet and 5 wt. % PMMA in chloroform were measured to be 1.4 11m and 2.4 11m, 
respectively. This shows that the addition of only a small amount of crystal violet can 
have a tremendous impact on the solution viscosity. This increase in viscosity makes 
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the deposition of crystal violet inside slot waveguides challenging and can lead to 
very high !osses if voids are present in the slot. 
Based on the nonlinear parameter values reported for a solution with 10 % wt. 
crystal violet (see section 4.4.1 ), the expected conversion efficiency in slot 
waveguides with slot width of w5= 140 nm and the experimentally measured 
propagation losses of a=11.9 dB/cm were simulated with an input power of Pin= 6.3 
dBm and are presented in Fig. 5.4. The maximum expected conversion efficiency is 
only around -23 dB for this high concentration, which explains the results described 
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Figure 5.4: Expected conversion efficiency for slot waveguide with slot width of ws= 
140 nm filled with 1 wt. %crystal violet 
Nevertheless, this work appears to be heading in the right direction to enable 
the efficient integration of crystal violet with silicon slot waveguides . The choice of 
chloroform as solvent for PMMA has produced hybrid organic/silicon deviees that 
compare advantageously with the results reported in the literature. To the best of our 
knowledge, the lowest Joss measured in SOI slot waveguides is ~ 5 dB/cm 
(Saynatjoki et al., 2011) for waveguides with a 166 mn slot filled with aluminum 
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oxide (Ah03)· This is higher that our best results with PMMA diluted in chloroform, 
which 6.5 dB/cm, and it was obtained with a larger slot and an inorganic material. 
Thus, the slot waveguides filled with PMMA diluted in chloroform can be considered 
as low Joss structures for this type of waveguides. As for the integration of the 
nonlinear chromophores, in future work different concentrations of crystal violet with 
appropriate deposition methods need to be investigated to achieve lower !osses. 
5.2 FWM-based Wavelength Conversion Experiment 
5.2.1 Experimental Setup for Four-wave mixing 
The experimental setup used to measure DFWM is shown in Fig. 5.5. It includes two 
tunable extemal cavity lasers (ECLs) used as the pump and signal sources and a high 
power erbium doped fi ber amplifier (EDF A) that is placed next to the pump laser 
(ECU) to amplify it as muchas possible. 
The pump laser (ECLl ), which is set at a wavelength of 1550 nm and can be 
amplified to output up to 33dBm is combined with the signal laser (ECLl), which is 
working at 1549 nm and has an output power of 16 dBm, through a 90/ 10 coupler. 
Before the coupler the pump and signal lasers output goes through different 
polarization controllers (PCs) to adjust their polarization state to match that of the slot 
waveguide. The output of the coupler is launched into the slot waveguides with a 
single mode fiber (SMF), as shown in Fig. 5.2 . Finally, the output is fiber-coupled 
back to a SMF and it is analyzed with an optical spectrum analyzer (OSA). 
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Figure 5.5: FWM experimental setup: ECL: External cavity laser; EDFA: Erbium doped 
fiber amplifier; PC: Polarization controller; OSA: Optical spectrum analyzer; PM: Power 
meter (adapted from (Brès et al., 2011)) 
The input power of the pump is varied from 5.5 dBm to 33 dBm but despite this 
high input power it was not sufficient to observe the generation of an idler wave. This 
is probably due to the combination of high insertion loss and of the small fraction of 
crystal violet ( only 1% wt.) that was possible to successfully integrate in the slot 
waveguides. Indeed, the previous nonlinear characterisations of crystal violet were 
performed with thin films having concentration ranging from l 0 to 30% wt (Ramos-
Ortiz et aL , 2004). Therefore, increasing the crystal violet concentration of the 
cladding while improving its integration with the slot waveguides are clear goals for 
the future of this work. In light of the small initial concentration that was 
demonstrated here this may seem challenging. However, with slot waveguide the 
concentration required to achieve nonlinear effects should be smaller than in thin 
films because of the high level of interaction that the slot confinement provides with 
the optical field . Moreover, the use of PMMA diluted in chlorofonn appears as a 




In this thesis, the integration of highly nonlinear crystal violet chromophore with 
silicon waveguides having a slot geometry was studied for the first time. This work 
laid the foundation for the development of a novel category of highly nonlinear 
hybrid silicon deviees that exploit the unique design and optimization opportunities 
made possible by chromophores relying on multi-charge transfer transitions . The first 
simulation study of the four-wave mixing conversion efficiency in slot waveguides 
filled with crystal violet was done. Furthermore, the characterisation of the 
propagation !osses of slot waveguides filled with PMMA diluted in chloroform was 
perfonned. Moreover, a deposition process for crystal violet chromophores in a 
PMMA host on silicon slot waveguides was elaborated. Finally, the challenges of 
using crystal violet in the cladding of silicon photonic deviees were described, and 
the experimental characterisation of the propagation !osses of slot waveguides filled 
with a polymer containing crystal violet chromophores was completed. 
The nonlinear optical chromophores considered in this study have shown great 
values of second-order hyperpolarizability due to their high polarized rr-electron 
backbone and multidirectional charge transfer transitions. Therefore, this type of 
chromophore could potentially be used to realize innovative and high performance 
deviees. 
The main goal of this thesis was to evaluate and demonstrate slot waveguide 
structures filled with crystal violet that would provide a strong light confinement 
within the slot region , minimize the effective mode area, and enhance the nonlinear 
parameter for wavelength conversion. 
- -- ----
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The slot waveguide structure bas been studied with the Rsoft software by using a 
full-vectorial finite-difference mode solver [i .e. Bearn Propagation Method (BPM)] to 
simula te the Eigemnodes of the waveguides and to obtai.n the transverse electric field 
distribution of the quasi-TE mode. Furthermore, the dispersion profile, the effective 
mode area of slot waveguide structure, and the nonlinear parameter were estimated by 
using a MA TLAB script. 
The effective mode area and the nonlinear parameter of a slot waveguide with a 
slot width of wr= 140 nm for the TE-mode were calculated to be Aeff=0.321 11m2 
and y= 394 (Wm)- \ respectively. The nonlinear parameter estimated was 
approximately four times larger tban that of silicon, which is 100 (Wmr1 . 
Tbus, the calculated nonlinear parameters (Aetf ' xC3), n2 , y) were used to 
numerically solve the coupled-mode theory equations of FWM and by employing 
these parameters in a MA TLAB script, the conversion efficiency as a function of 
idler wavelength was found. 
The waveguides were fabri.cated at CMC Microsystems and IMEC. The 
dimensions such as height, widtb and slot width of a slot waveguide were chosen to 
be 220 mn, 240nm and 100-140 nm, respectively, to assure a minimum effective area 
and a large nonlinear parameter. In addition, the deviee bad a 2.5 J.lm layer of crystal 
violet as a cover material. The 1 wt. to 30 wt. % crystal violet solutions were prepared 
by dissolving 30 mg of crystal violet per percent in a 5 wt.% PMMA (i .e.150 mg of 
PMMA in cbloroform). 
The linear loss coefficient of the slot waveguide cladded with crystal violet and 
PMMA was detem1ined using waveguides of different length. The estimated linear 
propagation Joss for the 140 nm-wide slot waveguide structure filled with for 1 wt. % 
crystal violet at 1550 11111 for TE-mode was found to be 11 ±0.5 dB/cm. The impact of 
losses on the conversion efficiency was simulated and it shows tbat at bigh pump 
powers, slot waveguides are more efficient than silicon channel wa eguides because 
81 
of the large TPA coefficient of silicon. Thus, slot waveguides can potentially achieve 
high conversion efficiency for third-order nonlinear effects such as four-wave mixing. 
This work made it possible to clearly identify the challenges of integrating 
crystal violet chromophores with silicon slot waveguides. There is an important trade-
off between the chromophore concentration and the cladding solution viscosity that 
remains to be optimized to build efficient nonlinear deviees. Nevertheless, the 
experimental results obtained here indicate that chloroform is a suitable solvent for 
that task. Moreover, using waveguides with larger slot appears to be beneficiai since, 
according to simulations, the impact on the FWM conversion efficiency is minimal 
despite the increase in effective area. It also simplifies fabrication and leads to 
waveguides with lower propagation !osses. Finally, to be able to characterise polymer 
with a high concentration of crystal violet, it will be necessary to develop a technique 
to keep track of the grating coupler locations or to avoid depositing the polymer on 
them because its dark colour makes it impossible to see the features under the 
cladding. Also, it will be useful to study more in depth the slot filling and uniformity 
of the deposition, use other chromophores and try different methods of deposition to 
determine the possible causes of hjgh !osses with this material. 
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